14. We experimented with various power ratings from 5 toA ll living tissue-grade animals, or eumetazoans, are descended from the last common ancestor of bilaterians (flies, worms, snails, and humans), cnidarians (anemones, jellyfish, and hydra), and ctenophores (comb jellies) (1, 2) . This eumetazoan ancestor lived perhaps 700 million years ago. Although it is not preserved in the fossil record (3), we can infer many of its characteristics-flagellated sperm, development through a process of gastrulation, multiple germ layers, true epithelia lying upon a basement membrane, a lined gut (enteron), a neuromuscular system, multiple sensory systems, and fixed body axes-because these conserved features are retained by its modern descendants.
Similarly, we can characterize the genome of this long-extinct eumetazoan progenitor by comparing modern DNA and protein sequences and identifying conserved ancestral features that have an intrinsically slow rate of change and/or are preserved by selective pressures. Comparisons (4) (5) (6) between fruit fly, nematode, and vertebrate genomes reveal greater genomic complexity in the vertebrates [and other deuterostomes (7, 8) ] as measured by gene content and structure, but at the same time show that many genes and networks are shared across bilaterians. Probing the ancestral eumetazoan genome requires sequences from even deeper branches of the animal tree, comparing bilaterian and nonbilaterian phyla.
In comparison with bilaterians, cnidarians appear morphologically simple. The phylum is defined (2) by a sac-like body plan with a single oral opening, two epithelial tissue layers, the presence of numerous tentacles, a nerve net, and the characteristic stinging cells (cnidocytes, literally translated as "nettle cells") that give the phylum its name ( fig. S1 .1G). The class Anthozoa ("flower animals") includes diverse anemones, corals, and sea pens, all of which lack a medusa stage. The other cnidarian classes are united by their pelagic medusae and characteristically linear mitochondrial genomes (9) into the Medusozoa, including Hydra and related hydroids, jellyfish, and box jellies. The disparate bilaterian phyla of the early Cambrian suggest a Precambrian divergence of the cnidarian lineage from the bilaterian stem, and indeed some of the oldest animal body and embryo fossils are plausibly relics of stem cnidarians [reviewed in (10, 11) ].
Among Anthozoan cnidarians, the starlet sea anemone Nematostella vectensis is an emerging model system (12, 13) . This estuarine burrowing anemone is found on the Atlantic and Pacific coasts of North America, as well as the coast of southeast England (14) . Nematostella cultures are easily maintained in the laboratory; with separate sexes, inducible spawning, and external fertilization (12, 15) , embryos are available throughout the year.
Although cnidarians are often characterized as simple or primitive, closer study of Nematostella and its relatives has revealed considerable molecular (16) (17) (18) (19) and morphological complexity (13) . Based on expressed sequence tag (EST) analyses (17, 18) and the targeted study of specific gene families [reviewed in (13, 16, (20) (21) (22) ], signaling pathways and transcription factors involved in the early patterning and development of bilaterians are present in cnidarian genomes and are active in development (13, (23) (24) (25) (26) (27) (28) , indicating that these pathways and regulatory mechanisms predate the eumetazoan radiation. Perhaps most notably, genes that establish the main body axes in bilaterian embryos are also expressed asymmetrically in Nematostella development, even though cnidarians are conventionally viewed as radial animals [for a critical discussion, see (29) ].
Here, we report the draft genome of the starlet sea anemone and use its gene repertoire and genome organization to reconstruct features of the ancestral eumetazoan genome. Analysis of the Nematostella genome in the context of sequences from other eukaryotes reveals the genomic complexity of this last common cnidarianbilaterian ancestor. The emerging picture from the genome and EST studies (17, 18) is one of extensive conservation in gene content, structure, and organization between Nematostella and vertebrates. We show that even chromosome-scale linkage has been preserved between Nematostella and vertebrates. These are the most ancient conserved linkages known outside of prokaryotic operons. In contrast, the fruit fly and nematode model systems have experienced extensive gene loss (18) , intron loss (30) , and genome rearrangement. Thus, from a genomic perspective, the eumetazoan ancestor more closely resembled modern vertebrates and sea anemones. strategy (31) from approximately 6.5-fold redundant paired-end sequence coverage from several shotgun libraries of a range of insert sizes derived from a single mating pair with 0.8% allelic variation. [For a detailed discussion of polymorphism, see supporting online material (SOM) text (32) ]. The total assembly spans~357 megabases (Mb), with half of this sequence in 181 scaffolds longer than~470 kb. Metaphase spreads indicate a diploid chromosome number of 2n = 30 ( fig. S2.4) . Currently, there are no physical or genetic maps of Nematostella, so we could not reconstruct the genome as chromosomes. Nevertheless, because half of the predicted genes are in scaffolds containing 48 or more genes, the present draft assembly is sufficiently long-range to permit useful analysis of synteny with other species. The typical locus in the draft genome is in a contiguous gap-free stretch of nearly 20 kb. Comparison of the assembled sequence with open reading frames derived from ESTs shows that the assembly captures~95% of the known proteincoding content (32) . Although approximately one-third of the shotgun sequences were not assembled, they could typically be characterized as derived from long (>100 kb) tandem-repetitive minisatellite arrays suggestive of heterochromatin, implying a total genome size of~450 Mb (32) .
We estimated that the Nematostella genome contains~18,000 bona fide protein-coding genes, comparable to gene counts in other animals. Combining homology-based and ab initio methods with sequences from more than 146,000 ESTs, we predicted~27,000 complete or partial protein-coding transcripts in the genome (32) . More than 12,000 of these are found in robust eumetazoan gene families and are therefore supported as orthologs of genes in other animals. Whereas~22,000 of all predicted genes have a significant alignment [Basic Local Alignment Search Tool (BLAST) e value < 10 -10 ] to known proteins in SwissProt/Trembl and therefore have some homology support, analysis of a random sampling of genes suggests that some of these appear to be gene fragments, possible pseudogenes, relics of transposable elements, or allelic variants, leading to a discounting of the true gene count to~18,000 (32) . More than 25% of the genome is composed of repetitive elements that are mutated inactive transposable elements, including DNA transposons and both long terminal repeat (LTR) and non-LTR retrotransposons (table S2. 3).
The Ancestral Eumetazoan Gene Set By comparing the gene complement of Nematostella with other metazoans, we attempted to reconstruct the gene repertoire of the eumetazoan (i.e., cnidarian-bilaterian) ancestor and to infer the gains, losses, and duplications that occurred both before and after the eumetazoan radiation. To approximate the gene repertoire of the eumetazoan ancestor, we constructed 7766 putatively orthologous gene families that are anchored by reciprocal best-scoring BLAST alignments (33) between genes from anemone and one or more of fly, nematode, human, frog, or pufferfish (32) . Each family thus represents a single gene in the eumetazoan ancestor whose descendants survive in recognizable form as modern genes in both cnidarians and bilaterians. These families account for a substantial fraction of genes in modern animals: We estimated that nearly two-thirds of human genes (13, 830) are descended from these progenitors through subsequent gene family expansions along the human lineage, and a comparable number (12, 319) of predicted Nematostella genes arose by independent diversifications along the cnidarian branch, but only 7309 (~50%) and 7261 (~40%) were found in Drosophila and Caenorhabditis elegans, respectively. Given that we cannot capture genes that were present in the eumetazoan progenitor but became highly diverged or lost in one or more sequenced descendants, our reconstructed ancestral gene set is necessarily incomplete, but it nevertheless provides a starting point for further analysis.
Of the 7766 ancestral eumetazoan gene families, only 72% (5626) are represented in the complete genomes of all three major modern eumetazoan lineages: cnidarians (i.e., Nematostella), protostomes (i.e., Drosophila and/or C. elegans), and deuterostomes (requiring presence of at least two of pufferfish, frog, and human). We found 1292 eumetazoan gene families that had detectable descendants in anemone and at least two of the three vertebrates, but that appeared to be absent in both fruit fly and soil nematode. This indicates that they were either lost or highly diverged in both of these model protostomes, extending the list of such genes found in EST studies (17, 18) . The forthcoming genome sequences of crustaceans, annelids, and mollusks will help address which of these genes survived in the protostome lineage but were convergently lost in flies and nematodes. In contrast, only 33 genes were found in Nematostella and both Drosophila and C. elegans, but not in any vertebrate. These results represent putative deuterostome or vertebrate loss, indicating a much lower degree of gene loss in the vertebrates than in the ecdysozoan model systems. We found 673 gene families that were represented in model protostomes and vertebrates but not in Nematostella. These are candidates for bilaterian novelties, but some will no doubt turn out to be losses or divergent sequences in Nematostella.
Molecular Evolution of the Eumetazoa
To address evolutionary relationships between animals, we inferred the phylogeny of Metazoa by combining Nematostella data with available genomic sequences from diverse animals, using a subset of 337 single-copy genes suitable for deep phylogenetic analysis (32) . In Fig. 1 , relative branch lengths represent the accumulation of amino acid substitutions in each lineage across this set of proteins. Our whole-genome analysis groups the fruit fly with the soil nematode, in support of the superphylum Ecdysozoa, a major element of the "new animal phylogeny" (34) , in contrast with other whole-genome-based studies that support an early branching acoelomate clade that includes C. elegans (35, 36). As expected, Fig. 1 . Bayesian phylogeny of Metazoa. Bayesian analysis infers metazoan phylogeny and rate of amino acid substitution from sequenced genomes based on 337 single-copy genes in Ciona intestinalis (sea squirt), Takifugu rubripes (fish), Xenopus tropicalis (frog), human, Lottia gigantea (snail), Drosophila melanogaster (fly), C. elegans (nematode), Hydra magnipapillata (hydra), Nematostella, Amphimedon queenslandica (sponge), Monosiga brevicollis (choanoflagellate), and Saccharomyces cerevisiae (yeast). All nodes were resolved as shown in 100% of sampled topologies in Bayesian analysis. The scale bar indicates the expected number of amino acid substitutions per aligned amino acid position. E, the eumetazoan (cnidarian-bilaterian) ancestor; B, the bilaterian (protostome-deuterostome) ancestor. The number of new genes (+), genes created by gene duplication (d), and the total number of reconstructed ancestral genes of the recent common ancestor (N) are labeled for S1 and S2, the eumetazoan and bilaterian stems, respectively (32) . 
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RESEARCH ARTICLES on July 6, 2007 www.sciencemag.org the two cnidarians Nematostella and Hydra form a monophyletic group that branched off the metazoan stem before the radiation of bilaterians. The depth of the Nematostella-Hydra split (comparable to the protostome-deuterostome divergence) emphasizes the distant relationship between anthozoans and hydrozoans. This supports the paleontological evidence that the radiation of the cnidarian phylum is quite ancient (37) and suggests that substantial variation in gene content and gene-family diversity may be found when the anemone genome is compared with that of the hydrozoan Hydra. For convenience, here we refer to the last common ancestor of cnidarians and bilaterians as the eumetazoan ancestor, although the precise phylogenetic placement of ctenophores may revise this designation.
Long branch lengths, indicating increased levels of sequence divergence, were found along the fly, nematode, and sea squirt lineages, consistent with systematic trends observed in BLAST-based analyses of ESTs (17, 18) . The sea anemone sequences, however, appear to be evolving at a rate comparable to, or even somewhat slower than, vertebrates. Although accelerated rates of molecular evolution have been documented in flies and echinoderms (38) relative to vertebrates, our analysis does not support the extrapolation of these higher rates to all invertebrates. With the use of our branch lengths, a very crude molecular clock interpolation based on the eukaryotic time scales of Douzery et al. (39) suggests that the eumetazoan ancestor lived~670 to 820 million years ago (32) . This very rough estimate has numerous caveats-most notably that there is no guarantee that the rate of protein evolution was constant on the eumetazoan stem-but provides a rough time scale for the eumetazoan radiation.
Conservation of Ancient Eumetazoan Introns
Comparison of Nematostella genes to those of other animals reveals that the ancestral eumetazoan genome must have been intron-rich, with gene structures closely resembling those of modern vertebrate and anemone genes. Introns that are shared between Nematostella and vertebrates and/or other bilaterians are most parsimoniously interpreted as conserved ancient eumetazoan introns (40) . Not only are the numbers of exons per gene similar between Nematostella and vertebrates, but the precise location and phase (i.e., the positioning of the splice sites relative to codon boundaries) of introns are also highly conserved between the anemone and human ( Fig. 2A ). Within alignable regions, nearly 81% of human introns are found in the same position and phase in Nematostella; conversely, 82% of the anemone introns are found in orthologous positions in human genes (32) . Whereas intron conservation between the annelid Platynereis and vertebrates implies that the Protostome-Deuterostome ancestor was intron-rich (30) , the analysis of Nematostella extends this result to the eumetazoan ancestor.
Using whole-genome data sets, we estimated the tempo of intron evolution across metazoan genomes (32) . Figure 2B shows intron gain and loss events inferred by weighted parsimony analysis of 2645 intron positions that lie within highly conserved protein sequence in five representative animals, the flowering plant Arabidopsis, and the relatively intron-rich fungus Cryptococcus neoformans (32) . Although fungi and animals are phylogenetically closer to each other than either group is to plants, fungi are not by themselves a sufficient outgroup for characterizing the history of eumetazoan introns, given that there are putative ancient eukaryotic introns shared by modern animals and plants that have evidently been lost in fungi (41) .
Although many eumetazoan introns are evidently of ancient eukaryotic origin (41)-for example, nearly 26% of human and Nematostella introns are conserved with Arabidopsis, and 24% with Cryptococcus-the remainder appear to be shared only by animals. These animal introns are most parsimoniously accounted for as gains on the eumetazoan stem, as shown by the long "gain" branch in Fig. 2B . We cannot rule out the possibility, however, that such apparently animalspecific introns were indeed present in the last common ancestor of plants, fungi, and animals, but were convergently lost in both plants and fungi. Within animals, intron gains range from 8 to 22% relative to the content of the eumetazoan ancestor. Thus, assuming~8 introns per ancestral gene,~1 novel intron has been introduced in a typical modern animal gene since the eumetazoan radiation, a rate of approximately~10 −9 introns per gene per year, which is comparable to the rate of gene duplication per locus per year (42) .
In contrast to intron gains, which seem to occur more or less uniformly across animal phyla, some lineages appear to have experienced extensive intron loss, notably the fly, nematode, and sea squirt, which have each discarded 50 to 90% of inferred ancestral eumetazoan introns. It remains to be seen whether the introns absent in both fly and nematode are the result of ancient loss in the ecdysozoan stem lineage (the most parsimonious explanation, shown in Fig. 2B ) or are convergent (independent) losses in flies and nematodes. We can rule out ancient loss on the protostome stem on the basis of the results of Raible et al. (30) for the annelid Platynereis, which showed that the ancestral protostome genome was intron-rich.
Conservation of Ancient Eumetazoan Linkage Groups
Conserved linkage groups representing ancestral vertebrate chromosomes can be defined by comparing fish and mammalian genomes and genetic maps, despite the presence of only modest segments of conserved gene order (43, 44) . Similarly, limited conservation of synteny is recognizable within insects [such as between flies and bees (45)]. Between animal phyla, however, no large-scale conserved synteny has been identified, suggesting that signals of the ancestral eumetazoan genome organization were erased by subsequent chromosomal breaks and translocations along the various lineages. Despite extensive local scrambling of gene order, we find extensive conservation of synteny between the Nematostella and vertebrate genomes, allowing the identification of ancient eumetazoan linkage groups.
Reasoning that the prevalence of intrachromosomal inversions and rearrangements (46) might scramble local gene order yet preserve linkage, we searched for large-scale conserved synteny-that is, sets of orthologous genes on the same chromosomal segment in their respective genomes, regardless of gene order. To remove confounding signals from recent rearrangements, we used comparisons with the genomes of other chordates to identify 98 human segments that do not appear to have undergone recent breaks or fusions (Fig. 3A and fig. S7 .1) (32). These segments span 89% of the human genome. The human genome was selected as a reference because it is known to have a slow rate of chromosome evolution relative to other mammals (46) and has preserved chromosomal segments relative to teleost fish (43) . To search for ancient conserved linkages across eumetazoa, we then compared these human genome segments to the assembled Nematostella scaffolds, using a statistical test for distinguishing significant enrichment for genes linked in both species.
For every scaffold-segment pair, we tabulated the number of predicted ancestral eumetazoan genes with descendants found in both the Nematostella scaffold and human segment. This number of shared orthologous genes was compared to a null model in which the scaffolds and segments have gene content independently drawn from the ancestral set. The "Oxford grid" shown in Table 1 shows not only that there are many scaffold-segment pairs with a significant excess of shared ancestral genes, but that the anemone scaffolds and human chromosome segments can be grouped into classes, such that scaffoldsegment pairs drawn from the same class are likely to have a significant excess of shared ancestral genes (32) 
The conserved linkage is extensive, and it accounts for a large fraction of the ancestral eumetazoan set. Of the 4402 ancestral eumetazoan gene families represented in the largest anemone scaffolds and human segments (i.e., in the genomic regions large enough to permit statistically significant analysis and therefore eligible for consideration in our analysis), more than 30% (1336) participate in a conserved linkage group. This is a lower bound on the true extent of the remnant ancient linkage groups because the length of the Nematostella scaffolds and the use of conservative statistical criteria limit our analysis. A more sensitive approach can assign more than twice as many ancestral genes to a PAL (32) . The 40 human segments that show conserved synteny with Nematostella cover half of the human genome. Within such human segments, typically 40 to 50% of eumetazoanderived genes have counterparts in syntenic Nematostella segments, and vice versa. This is a notable total, given that any chromosomal fusions and subsequent gene order scrambling on either the human or Nematostella lineage during their~700 million years of independent evolution would attenuate the signal for linkage. The observation of conserved linkage groups is most easily explained as the remnants of large ancestral chromosomal segments containing hundreds of genes that have evolved without obvious constraint on gene order within each block. Seven of the PALs link anemone scaffolds to multiple regions of the human genome in a manner consistent with multiple large-scale duplication events along the vertebrate lineage [reviewed in (47) ]. These seven PALs represent the ancestral (preduplication) linkage of these regions. The extent of this conserved linkage suggests either that the neutral rate of interchromosomal translocations is low (on the order of a few breaks or fusions per chromosome since the eumetazoan ancestor, excluding intrachromosomal rearrangements) or that selection has acted to maintain linkage of large groups of genes, perhaps constrained by higher-level chromosomal organization (48) and/or long-range gene regulation (49) .
An ancestral linkage group of particular interest includes the human Hox clusters of homeobox transcription factors that regulate anterior-posterior identity in bilaterians. Putative Hox genes in Nematostella and other cnidarians are also expressed in spatial patterns consistent with an ancient role in embryonic development (50) (51) (52) . Tetrapods have four Hox clusters that arose by duplication on the vertebrate stem-HoxA (human chromosome 7p15.2), HoxB (17q21.32), HoxC (12q13.13), and HoxD (2q31.1)-which all appear in the same eumetazoan PAL, linked to eight Nematostella scaffolds (Fig. 3B) , defining the ancestral genomic context for Hox genes. Nematostella has several clusters of homeobox genes (52-54), but only those on scaffolds 3 and 61 are embedded within the ancestral eumetazoan Hox context, providing independent support for the assignment of these homeobox genes as bona fide Nematostella Hox genes (50, 52, 53, 55) . There is an extensive block of 225 ancestral genes (table S7.3) that were linked to Hox in the eumetazoan ancestor and have retained that linkage in both the modern human and anemone genomes.
Origins of Eumetazoan Genes
Where did the eumetazoan gene repertoire come from? Nearly 80% (6182 out of 7766) of the ancestral eumetazoan genes have clearly identifiable relatives (i.e., proteins with significant sequence homology and conserved domain architecture) outside of the animals, including fungi, plants, slime molds, ciliates, or other species available from public data sets (32) . These are evidently members of ancient eukaryotic gene families that were already established in the unicellular ancestors of the Metazoa and are involved in core eukaryotic cellular functions. Although these eumetazoan gene families are conserved with other eukaryotes, animals have a unique complement due to family expansion and contraction on the eumetazoan stem. The eumetazoan genes of ancient eukaryotic ancestry are themselves descended from~5148 eukaryotic progenitors by nearly 1000 gene duplications along the eumetazoan stem-i.e., after the early radiation of eukaryotes~1100 to 1500 million years ago (56) but before the divergence of cnidarians and bilaterians (32) .
The remaining 20% (1584) of the ancestral eumetazoan gene set comprises animal novelties that were apparently "invented" along the eumetazoan stem. The mechanism for the creation of "new" genes is obscure (57) but may involve gene duplication followed by bursts of rapid sequence divergence (thus masking the similarity with sister sequences) and/or de novo recruitment of gene and/or noncoding fragments into functional transcription units. We classified these eumetazoan novelties into three categories based on their origin (Fig. 4A) .
The first and largest group (type I novelty) comprises animal genes that have no identifiable relatives (with BLAST) outside of animals in the available sequence data sets, and accounts for 15% (1186) of ancestral eumetazoan genes. These include important signaling factors, such as the secreted wingless (Wnt) and fibroblast growth factor (FGF) families, and transcription factors, including the T-box and mothers-againstdecapentaplegic (SMAD) families (Table 2 ). Not only were these genes present in the eumetazoan ancestor, but they had already duplicated and diversified on the eumetazoan stem to establish the subfamilies that, nearly 700 million years later, are still maintained in modern vertebrates.
[See for example the Wnt family (58) .]
Type II novelties (2% of the eumetazoan complement, or 158 genes) incorporate animalonly domains in combination with ancient eukaryotic sequence. The ancestry of these genes can be traced back to the eukaryotic radiation through their ancient domains, but the novel domains they contain were evidently invented (or evolved into their recognizable animal form) and coupled to more ancient domains on the eumetazoan stem. For example, Notch proteins have two Notch domains found only in metazoans in addition to ancient eukaryotic ankyrin and epidermal growth factor (EGF) domains; focal adhesion kinase (FAK) is targeted to focal adhesions in eumetazoans because of the addition of an animal-specific focal adhesiontargeting domain to the ancient kinase domain. Table 1 . Detail of the "Oxford grid" which tabulates the number of ancestral gene clusters shared between the 22 Nematostella scaffolds (columns) and 14 segments of the human genome (rows) that are assigned to PALs A, B and C. Cell symbols indicate Bonferroni-corrected P value < 0.01 (*), < 0.05 ( †), < 0.5 ( ‡). Detailed methods, and the complete Oxford grid can be found in the SOM text.
PAL:
A B C 
Eumetazoan Networks and Pathways
How are the genes that were invented along the eumetazoan stem related to the organismal novelties associated with Eumetazoa? Satisfyingly, but perhaps not surprisingly, we found that the novel genes were significantly enriched for signal transduction, cell communication and adhesion, and developmental processes (32) . The eumetazoan ancestor was the progenitor of all extant animals with nervous systems, and genes with neuronal activities are abundant among its novelties (Table 3) . It is at first glance surprising that genes known to be involved in mesoderm development in bilaterians are also enriched among eumetazoan novelties, given that the textbook picture of cnidarians is that they lack mesoderm. Yet we know that many of these genes are associated either with basic patterning functions and/or the regulation of cell migration and fate. The precise deployment and interaction of these genes in the ancestral eumetazoan is therefore still a matter of debate (26, 27, (59) (60) (61) . Experiments in cnidarians, however, in combination with information about mesodermal networks in bilaterians, could, in principle, constrain the ancestral genetic network and address whether or not the ancestor deployed these genes to generate this key germ layer.
Individual "new" genes are by themselves unlikely to bring about the suite of features needed to evolve animal characteristics from unicellular organisms. Rather, we expect that to generate organismal novelty, such new genes must be integrated with other novel and existing genes to evolve expanded or modified biochemical pathways and/or regulatory networks. Given the reconstructed eumetazoan genome and its various types of novel genes, we conclude by briefly considering selected eumetazoan pathways and processes to see how novel animal genes were incorporated into cellular and organismal functions.
Cell adhesion. In Bilateria, the integrin pathway mediates signaling from the extracellular matrix (ECM) that elicits various responses to modulate cell adhesion, motility, and the cell cycle (62) . A detailed look at integrin signaling (Table 3 and Fig. 4B ) reveals that most of the core components of the FAK and Fyn/Shc pathways were present in the eumetazoan ancestor. Various ancient cytosolic proteins (Talin, Paxillin, Grb2, Sos, and Crk) have been brought under the control of two novel receptors, integrin-a and integrin-b (the former being a type I novelty and the latter a type II novelty). FAK is a cytosolic component that appears as a type II novelty in eumetazoans, and calpain-a protease that regulates the aggregation of talin, paxillin, and FAK around the receptor-appears as a novel domain combination of ancient domains. Caveolin, a membrane adapter that couples the integrin-a subunit to Fyn is present in the Nematostella genome and is a type I novelty. Fyn itself is a more recent invention derived on the tetrapod stem by gene duplication.
Cell-cell adhesion mediated by cell-ECM interactions is a hallmark of animal multicellularity (63) . Basement membrane proteins such as collagen and laminin arose as type II novelties along the stem leading to the Eumetazoa, whereas others such as nidogen are novel pairings of ancient domains (Table 1) . Matrix metalloproteases also were invented as type II novelties, whereas guidance cues such as netrin and semaphorin that mediate adhesion are novelties with no evident homology to ancient eukaryotic proteins.
Signaling pathways. Animals rely on cell-cell signaling for cellular coordination during and after development (64) . Various components of the Wnt and transforming growth factor-b (TGFb) signaling pathways in the genome of Nematostella have been reported (18, 27, 58, (65) (66) (67) (68) The presence of essentially complete signal transduction pathways in the common gene set of cnidarians and bilaterians suggests that the integration of novel eumetazoan genes into these systems was largely complete in the eumetazoan ancestor. A general trend in the evolution of signaling pathways may have been the co-option of cytosolic signaling components into pathways that could be regulated by newly invented ligands and receptors. For example, in the case of FGF signaling, the interactions of ancient cytosolic components [such as Grb2, Sos, and mitogen-activated protein kinase (MAPK)] could be elaborated with the addition of novel proteins (such as FGF and Shc) or of novel domains added to old proteins (such as Raf homolog) or novel pairings of old domains (such as FGF receptor and phospholipase C-g).
Emergence of the neuromuscular system. Cnidarians and ctenophores are the earliest branching metazoan phyla that have a nervous system, although they lack overt centralization of the kind observed in bilaterians. Genes with neural functions in the Bilateria have been implicated in the cnidarian nervous system (69, 70) . Numerous genes known to be involved in neurogenesis, such as members of the homeobox and basic helix-loophelix (bHLH) transcription factor families (Emx, Otp, Otx, and achaete-scute), can be traced to ancient eukaryotic genes with these signature domains. Some are novel pairings of ancient domains (such as neuropilin and LIM-homeobox genes), some are pairings of old domains with novel animal-specific domains (such as Dsh, Arx, and neuralized) and others are novel animal genes (such as Hes, Gcm, netrin, semaphorins, and dachsund). Certain enzymes important in synaptic transmission (such as 3,4-dihydroxy-Lphenylalanine (DOPA)-b monooxygenase) and some vesicular trafficking proteins (such as synaptophysin) appear as novel (type I) eumetazoan proteins. Regulatory subunits for ion channels important in nerve conduction and muscular function can be type I novelties (such as voltage-dependent calcium channel b subunit and potassium largeconductance calcium-activated channel) or type III novelties (such as voltage-dependent calcium channel a2/d subunit). Various components of the dystrophin-associated protein complex (DPC) in the sarcolemma such as dystrophin, syntrophin, b-dystrobrevin, and b-sarcoglycan are type I novelties. Other sarcomere proteins are type II novelties (such as nebulin and tropomodulin). This diversity of origins of genes with roles in the neuromuscular system suggests that tracing the evolution of nerves and muscle will require Table 2 . Origins of developmental signaling pathway components inferred in the eumetazoan ancestor. ERK, extracellular signal-regulated kinase; MEK, MAPK kinase; GSK3, glycogen synthase kinase 3; APC, anaphase-promoting complex; TCF/LEF, T cell factor/lymphoid enhancer factor; ATF, activating transcription factor; ACVR2, activin receptor, type II; ADAM10, a disintegrin and metalloprotease domain 10; PEN2, presenilin enhancer 2; SYK, spleen tyrosine kinase; IGF, insulinlike growth factor; PTEN, phosphatase and tensin homolog; GTPase, guanosine triphosphatase; SOCS, suppressor of cytokine signaling; REL/NFkB, reticuloendotheliosis viral oncogene/nuclear factor kB; NFAT, nuclear factor of activated T cells; STAT5, signal transducers and activators of transcription 5.
Pathway
Type detailed studies of the functions of these genes in organisms at the base of the metazoan tree.
Concluding Remarks
Modern animal genomes retain features inherited from the eumetazoan ancestor that have been elaborated on, and sometimes overwritten by, subsequent evolutionary elaborations and simplifications. Here, we compared the genomes of the sea anemone with diverse bilaterians, both to infer the content and organization of the genome of the eumetazoan ancestor and to trace the origins of uniquely animal features. In many ways, the ancestral genome was not so different from ours; it was intron-rich and contained nearly complete toolkits for animal biochemistry and development, which can now be recognized as pan-eumetazoan, as well as the core gene set required to execute sophisticated neural and muscular function. The ancestor had blocks of linked genes that remain together in the modern human and anemone genomes-the oldest known conserved synteny outside of prokaryotic operons. Whereas fruit flies and soil nematodes have proven to be exquisite model systems for dissecting the genetic underpinnings of metazoan development and physiology, their genomes are relatively poor models for the ancestral eumetazoan genome, having lost introns, genes, and gene linkages. The eumetazoan ancestor possessed more than 1500 genes that are apparently novel relative to other eukaryotic kingdoms. Some are the result of domain shuffling, bringing together on the animal stem new combinations of domains that are shared with other eukaryotes. But many animal-specific genes contain sequences with no readily recognizable counterparts outside of animals; these may have arisen by sequence divergence from ancient eukaryotic genes, but the trail is obscured by deep time. Although we can crudely assign the origins of these genes to the eumetazoan stem, this remains somewhat unsatisfying. The forthcoming genomes of sponges, placozoans, and choanoflagellates will allow more precise dating of the origins and diversification of modern eumetazoan gene families, but this will not directly reveal the mechanisms for new gene creation. Presumably, many of these novelties will ultimately be traced back, through deep sequence or structural comparisons, to ancient genes that underwent extreme "tinkering" (71). Table 3 . Origins of selected metazoan processes inferred in the eumetazoan ancestor. CREB, cyclic adenosine 3´,5´-monophosphate response elementbinding protein; HIF, hypoxia-inducible factor; CES, carboxylesterase; cGMP, guanosine 3´,5´-monophosphate; TNF, tumor necrosis factor; BOK, B cell leukemia/lymphoma 2-related ovarian killer; GULP, engulfment adaptor PTB domain containing; CRADD, caspase 2 and receptor-interacting serine-threonine kinase domain-containing adaptor with death domain; FMR, fragile X mental retardation syndrome; CARD, caspase recruitment domain family; SRGAP, SlitRobo Rho GTPase activating protein; TNFRSF, TNF receptor superfamily; TRAF, TNF receptor-associated factor; SUMO, small ubiquitin-related modifier; L3MBT, Lethal(3)malignant brain tumor protein homolog; SKI, sarcoma viral oncogene homolog; AP-2, activating protein 2; MAF, musculoaponeurotic fibrosarcoma oncogene homolog; CBP, CREB-binding protein; ETO/MTG8, eighty twenty one/ myeloid translocation gene 8.
Process
Type The eumetazoan progenitor was more than just a collection of genes. How did these genes function together within the ancestor? Unfortunately, we cannot read from the genome the nature of its geneand protein-regulatory interactions and networks. This is particularly vexing as it is becoming clearespecially given the apparent universality of the eumetazoan toolkit-that gene regulatory changes can also play a central role in generating novelties, allowing co-option of ancestral genes and networks to new functions (49) . Of particular interest are the processes that give rise to body axes, germ layers, and differentiated cell types such as nerve and muscle, as well as the mechanisms that maintain these cells and their interactions through the growth and repair of the organism. Nematostella and its genome provide a platform for testing hypotheses about the nature of ancestral eumetazoan pathways and interactions, with the use of the basic principle of evolutionary developmental biology: Processes that are conserved between living species were likely functional in their common ancestor.
